Abstract: The fast pyrolysis process is developed to produce liquid bio oil from biomass. In the discussed process the required thermal energy is extracted from a circulating fluidized bed boiler (CFB) as hot sand fed into the pyrolysis reactor. Residual char and uncondensed gases from the pyrolysis process are fed back and combusted in the boiler. Thus, the pyrolysis and the boiler processes are interconnected together both via energy and mass balances. Dynamic simulation is used to analyze how start ups, stops, and disturbances in the pyrolysis process effect on the operation of the boiler. According to the results of the analysis the boiler control system is modified to be able to stabilize the operation of the boiler with the interconnected pyrolysis process. The trouble free operation of the boiler must be guaranteed during all possible situations of the pyrolysis process. This project is a part of a R&D project by Metso Power where fast pyrolysis process is developed and commercialized as a new liquid bio fuel production process which can be integrated e.g. as a part of a paper mill.
INTRODUCTION
Fuels produced from renewable energy sources are seen as a part of the solution to reduce CO 2 emissions and the replacement of fossil fuels. Pyrolysis is a promising process for conversion of solid biomass to liquid bio fuels. This paper introduces an integrated process concept, where the pyrolysis process is connected together with a fluidized bed boiler. The concept is developed by Metso Corporation and Technical Research Centre of Finland, VTT. Heat required for the pyrolysis process is extracted as hot sand from the fluidized bed boiler. The charcoal remained from the pyrolyzed biomass and non-condensable pyrolysis gases are fed back to the boiler to be combusted. Thus, both the energy and the mass balances of the boiler and the pyrolysis processes are connected with each other.
In the pyrolysis process the volatile components are extracted from biomass by heating up the solid matter in an oxygen free atmosphere. After the extraction the gaseous pyrolysis product is condensed into a liquid phase. This pyrolysis oil can be used directly to replace heavy fuel oil in industrial processes or as a raw material for upgrading processes to synthesize new hydrocarbon compounds, (Sipilä et al., 2007) , (Calabria et al., 2005) . Research and development of pyrolysis process is surveyed by Bridgwater (1999) and Bridgwater & Peacocke (2000) .
Modelling of the pyrolysis process is based on the first principal models of heat and mass transfer and experimental results about the reaction kinetics. The applied heat transfer model is based on the model presented in Saastamoinen, 2006 . The pyrolyzer model used in the study is based on the reactor model developed in a research project with Metso Power described in (Kaivosoja, 2008) and (Kaivosoja and Majanne, 2009 ).
There is a lot of research work going on about the modelling of combustion of different type of fuels in different type of combustors, e.g. (Scala & Palatino, 2002) and (Galgano et al. 2005) . However, the combustion models developed there are seldom connected with the dynamic heat transfer models for water-steam cycle of a boiler. In the dynamic boiler models the combustion process and phenomena in the furnace have often been left for a minor consideration. The heat power released in the furnace is often presented as a simple low order transfer function describing the dynamics caused by the fuel transportation, combustion speed and heat storage of steely heat exchangers bodies. With this kind of approach it is not possible to represent the interconnections between the boiler and the pyrolysis processes, where mass and energy are transported between the two processes effecting on the fuel power and combustion parameters in the furnace.
The boiler model used in the study is based on the circulating fluidized bed boiler model developed in a research project with Metso Power, (Köykkä, 2007) and (Majanne and Köykkä, 2009) . The simulation models are built and run in Matlab/Simulink environment. A moderately complicated combustion model is connected with the water-steam cycle model resulting a dynamic boiler model taking account also physical phenomena of the fluidized bed combustion.
The topic of this paper is a simulation study about the dynamic interactions between the two interconnected processes. The final goal is to use the analysis results for process design in order to decouple these two processes from each other and also to develop process control structures for improved disturbance rejection.
The structure of this paper is as follows: Section 2 presents the structure and the operation of the integrated pyrolysis process. Section 3 presents the applied boiler control system and the simulation results. Section 4 concludes the paper.
INTEGRATED PYROLYSIS PROCESS
The structure of the pyrolysis process integrated with a circulating fluidized bed (CFB) boiler is shown in Fig. 1 . Fig. 1 The structure of the integrated pyrolysis process. (Kaivosoja and Majanne, 2009) 
Fast Pyrolysis
The function of the pyrolysis process is to produce a maximum amount of condensable organic pyrolysis gas from the biomass fed into the reactor. In the operation point producing maximum oil yield the process is endothermic. Typically 60 -70% of the mass of biomass (dry base) is converted to bio-oil, 10 -20% to non-condensable gases and 10 -20 % char residue. The heat value of the bio oil varies from 13 to 18 MJ/kg and it consists of organic compounds (app 90%) and pyrolysis water (app. 10%). The energy yield of bio-oil is about 50 -60% of the energy content of dry biomass.
Heat required for the pyrolysis reactions is introduced to the reactor as hot sand extracted from the fluidized bed boiler. Besides carrying heat power to the process, hot sand particles also improve the heat transfer efficiency from the reactor atmosphere to the biomass. Hot sand and biomass are fed into the reactor together with an inert fluidization gas at the bottom of the reactor. During the turbulent pneumatic transportation in the reactor biomass decomposes into four main components: condensable organic gas, non-condensable gas, water, and charcoal.
The best bio-oil yield is obtained with a high heating rate at reaction temperatures around 500 °C (app. 1 sec.) and with short vapour residence time before condensation (typically less than 2 seconds). This type of process is called a fast pyrolysis process. The characteristic features of the fast pyrolysis process usually require small particle size of biomass and rapid condensing of pyrolysis vapours.
On the top of the reactor solids (sand and charcoal) are separated from gases in a cyclone. From the cyclone solids flow through a loop seal to the furnace of the CFB boiler. In the furnace the char coal is combusted and sand and ash are mixed with the boiler bed.
From the cyclone hot pyrolysis gases flow to the condenser, where gas is quenched by cooled pyrolysis oil spray. Condensable components of the gas condense into liquid pyrolysis oil. Non-condensable gases are recirculated as an oxygen free fluidization gas for the reactor. Excessive gas is blown to the CFB boiler to be combusted.
The structure of the dynamic simulation model is depicted in fig. 2 . Pyrolysis reactor has been divided into four blocks. The structure of each reactor block is identical. Symbols inside the elements represent the state variables (see Table 1 .) of the dynamic model. 
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Substances flowing in the pyrolysis process have been divided into three phases: sand, biomass, and gas. These phases are divided into ten components presented in a table 1. Dashed arrow represents evaporation of moisture during drying of biomass and solid arrows represent pyrolysis of active material into pyrolysis products. Total modelled mass flow tot m  is supposed to be equal in all the elements of the reactor. It can be calculated as a sum of sand, biomass and fluidization gas feeds.
Mass balances of the components x i of the active material m act and pyrolysis products in the block k are:
The reaction rates of the pyrolysis reactions are defined by the Arrhenius expression:
Calculation of experimental kinetic parameters A and E are presented in Lehto (2007) . Parameters y i define the composition of the pyrolysis products. Values vary with reaction temperature according to Bridgwater (1999) . Values of y i are between zero and one, and their sum must be exactly one.
According to Milosavljevic (1996) , the reaction enthalpy q pyr of pyrolysis reactions can be expressed as a function of char yield y char :
More detailed description of the process and dynamic model equations are presented in (Kaivosoja and Majanne,2009) 
Circulating Fluidized Bed Boiler
A dynamic model of the CFB boiler consists of an air-flue gas process consisting of air preheaters, furnace, and heat exchangers and a water-steam process consisting of water preheaters (economizers), drum, evaporator, superheaters, and attemperators. In addition steam pressure, steam temperature, and feed water control loops are included in the model. The model is based on the mass, energy, and momentum balances together with physical behaviour of heat transfer, reaction kinetics etc. The structure of the CFB furnace is represented in Fig. 3 . In the model the furnace is divided into nine blocks. Fig. 3 . CFB boiler structure (Majanne and Köykkä, 2009 ).
In the CFB boiler combustion takes place in a fluidized sand bed circulating around the furnace hot loop. Bed sand and fuel comprise a solid matter suspension. Combustion and heat transfer efficiencies depend on the mass of the circulating bed and the local suspension density in the furnace.
The suspension density varies as a function of the height in the furnace and the amount of the fluidizing air. The fluidizing air flow is a nonlinear function of the boiler load. Static suspension density profile as a function of the furnace height h is described by an experimental equation
where (h) is a suspension density at height h,  is a scaling factor and f(h) is the fitting function for the density profile (Breitholtz et al, 2001) . During the transients caused by the change of the primary air flow the dynamics of the change of the density profile is determined as
where  is a time constant.
The combustion model is suitable for different types of fuels. The quality of the fuel is parameterized by the elemental composition of the fuel, moisture, proportion of volatile matter, ash content, upper heat value of charcoal, and upper heat value of dry fuel. The combustion model describes the vaporization and combustion of volatile mater and combustion of charcoal.
Combustion of volatile matter is modelled by an experimental equation
where m vol,k is the amount of reactive volatile components in element k, k vol is a reaction speed, y vol,k is a mass proportion of volatile matter, x O2,k is a mole fraction of oxygen in element k, and N vol is an order of the reaction.
Combustion of charcoal is divided into combustion of big and fine particles. Big particles are attritted into fine ones due to the grinding effect between solid particles in the fluidized bed. Combustion of big particles is constrained by diffusion of oxygen and combustion of fine particles is constrained by reaction speed (Borman, 1998) . Combustion speed t c for big particles is
where  c is a char density, d c is a particle diameter, D i is a molecular diffusion coefficient from oxygen to nitrogen,  O2 (∞) is oxygen density far from the particle surface, and Sh is Sherwood number.
For fine particles combustion speed t cf is
where  f is fine char density, d f is fine char particle diameter, k c is kinetic reaction speed factor determined by Eq. (2).
Solid matter and flue gases are separated from each other in the cyclone. Hot flue gases are flown further to the convective heat transfer section consisting of evaporators, superheaters and preheaters.
Solid matter consisting of bed sand, ash and unburned fuel is returned back to the bottom of the furnace via cyclone and a loop seal. The function of the loop seal is to prevent counter current gas flow through the return leg to the cyclone. Block diagrams of the flue gas and water side models are shown in figs. 4 and 5. More detailed description of the process and the dynamic simulation is presented in (Majanne and Köykkä, 2009 ). 
Interconnections of Engaged Processes
The pyrolysis and the boiler processes are connected together by mass and energy balances. Thermal energy required by the pyrolysis reaction is extracted from the boiler process as app. 800°C hot sand taken from the return leg of the furnace hot loop. In the pyrolysis reactor the required amount of hot sand is mixed with biomass to maintain the optimal 500°C temperature in the reactor.
Sand and char are returned from the reactor to the boiler. This return flow effects on the energy and mass balances of the boiler. Returned sand is cooling the furnace because sand temperature is app. 400°C below the furnace temperature. On the other hand the returned charcoal has a high energy content, app. 32 MJ/kg, effecting on the released thermal power in the furnace. Approximately 40 % of the energy content of the pyrolyzed biomass is contained in the remaining charcoal. It should also be taken into account that in case of some disturbance in the pyrolysis process all the biomass fed in the reactor might go unprocessed through the reactor to the boiler.
After the reactor pyrolysis gases are condensed into a liquid phase in the condenser. Some light hydrocarbon compounds of the pyrolysis gas are non-condensable in the process atmosphere, e.g. CO, CO 2 , C 2 H 6 (ethane) and C 2 H 4 (ethylene). This non-condensable gas fraction is recirculated and used as an oxygen free fluidizing gas for the reactor (Fig. 1) . However, those non-condensable gases are produced all the time while running the process and the excessive amount of gases is fed into the furnace of the boiler. This gas has combustible components effecting on the energy balance of the boiler. Gas flow effects also on the mass balance of the flue gas flow of the boiler. Disturbances in the returned gas flow effect on the convective heat transfer, furnace pressure and further to the combustion air flow. Furnace pressure measurements are typically connected with the boiler safety automation and because of this connection, disturbances in the furnace pressure may lead to boiler shut down.
BOILER CONTROL
The operation of the integrated pyrolysis process system must be designed so that start ups, shut downs and disturbances in the pyrolysis process will not cause major problems in the operation of the boiler. The boiler process is anyway the main process generating heat and power for the customers on-line. Thermal power of the pyrolyzer must be scaled with the thermal power of the boiler so that disturbances originated from the pyrolyzer can be stabilized by the boiler control system. Normal start ups and shut downs of the pyrolyzer can be operated smoothly so that the boiler control system can easily compensate these disturbances. The two worst cases are the tripping of the pyrolyzer running full load and if the biomass is blown unprocessed through the pyrolyzer into the boiler.
The function of the combustion control is to feed a required amount of fuel and combustion air into the boiler furnace. The required fuel power is determined by the boiler master controller according to the generated power or steam pressure demand. The controllable part of the fuel power is fed into the furnace by the fuel feeders and the rest is coming from the pyrolysis process. The required combustion air flow is calculated from the total fuel flow into the boiler and trimmed by a flue gas oxygen content controller.
In order to stabilize the operation of the boiler measurements from the pyrolysis process must be included to the boiler control scheme. Operation state of the pyrolyzer must be connected with the boiler fuel feed, combustion air, steam temperature, and furnace pressure controls. The easiest way to include the interactions between the pyrolyzer and the boiler is to apply filtered feed forward signals from the biomass feed of the pyrolyzer and non-condensable gas flow to the boiler controls. The ideal transfer function G ff_ideal for the feed forward control is
where G d is the disturbance transfer function from the fuel power coming from the pyrolyzer to the boiler power and G p is the transfer function from the boiler fuel feed to the boiler power. In the following simulations only static feed forward transfer function is applied because the dynamics of the fuel flows from the pyrolyzer and from the fuel feeding system to the boiler are very similar and fast compared with the dynamics of the heat transfer process from the furnace to the evaporator.
In case of the pyrolyzer trip the heat power released by the charcoal and non-condensable gases must be replaced by the primary fuel feed as quickly as possible. By adding the feed forward signals to the power control loop, speed of the primary fuel feeders can be increased immediately after the pyrolyzer fuel feed is stopped. Feed forward signals are applied also in the steam temperature and furnace pressure controls. Fig. 6 shows open loop responses from the pyrolyzer trip to the generated steam power in three cases, where the thermal capacity of the pyrolyzer is 1/3, 2/3 and 1/1 of the thermal power of the boiler. The controllable fuel feed to the boiler is kept constant during the simulation runs. Fig. 6 . Effect of the pyrolyzer thermal capacity compared with the boiler capacity to the generated steam power during the pyrolyzer trip. Fig. 7 shows the closed loop responses from the pyrolyzer trip to the generated steam power with the same three different size pyrolyzers. Combustion control loop with feed forward signals from the biomass feed to the pyrolyzer and non-condensable gas flow to the furnace stabilizes generated disturbances quite satisfactorily. Fig. 8 shows the performance of the feed forward compensation in the steam pressure control during the trip of the pyrolyzer. The thermal capacity of the pyrolyzer is 1/3 of the thermal power of the boiler. The first case depicts the control response with no feed forward compensation. In the second case the feed forward information is connected to the controller and the maximum rate of the change of the fuel feed is limited to 10%/min. In the third case the rate of the change of the fuel feed is unlimited. Fig. 8 . Performance of the power control loop of the boiler without feed forward information (----), with feed forward and limited rate of change of fuel feed (____), and with feed forward and unlimited rate of change of fuel feed (----).
CONCLUSIONS
Fast pyrolysis is a novel process for converting solid bio mass to liquid form to replace heavy fuel oil or as a raw material for refinery processes to produce higher value bio fuels like bio diesel. Dynamic simulation has been used to help designers to evaluate different options in process structures and control principles of this new process. A very important point of view is how this new process interacts with the interconnected power boiler. The primary function of the power boiler is, however, power generation, not to run pyrolysis process. The important issues to be considered are the disturbance propagation from the pyrolyzer to the boiler and the requirements for the operation range of the boiler to produce enough hot sand for the pyrolysis process. Optimal scaling of the power ratio between the pyrolyzer and the boiler is required to result stable operation of the boiler and maximum yield of the bio-oil. This paper presented some results gained in the research project with Metso Power and Tampere University of Technology. This project is a part of the long term research work dealing with dynamic modelling of different type of fluidized bed boilers and new processes for production of bio energy. 
